Introduction
============

In photosynthetic microbial mats high CO~2~ fixation activity often creates a great demand for nitrogen (N), which is partially met by high rates of N~2~ fixation ([@bib3]; [@bib20]). It was hypothesized that microbial mat development is dependent on the activity of N~2~-fixing microorganisms (diazotrophs) ([@bib4]). Microbial mats inhabiting the intertidal zone from Laguna Ojo de Liebre ([Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}) close to Guerrero Negro, Baja California Sur, Mexico, experience frequent alternating periods of desiccation (and thereby aeration) and tidal flooding ([@bib32]; [@bib42]) and are subject to frequent physical disruption. This environment leads to a 'pioneering stage\' of habitat colonization, where N~2~ fixation is an important process, providing a source of N for mat growth ([@bib3]).

Although N~2~ fixation has previously been investigated in the intertidal mats from Laguna Ojo de Liebre ([@bib2]; [@bib31], [@bib32]), the identity of the active diazotrophs remains elusive. Historically, *Cyanobacteria* were believed to be responsible for N~2~ fixation in microbial mats given their visual dominance and cultivation without an exogenous N source ([@bib44]; [@bib43]; [@bib35]). This was further supported by biogeochemical assays using an inhibitor of oxygenic photosynthesis (3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)) ([@bib45]; [@bib2]). However, molecular methods indicated that additional microorganisms (such as heterotrophic bacteria) present in microbial mats have the genetic potential for N~2~ fixation and may play an important role in microbial mat N~2~ fixation ([@bib51]; [@bib46]). In particular, sulfate-reducing bacteria (SRB) were hypothesized to contribute to N~2~ fixation in microbial mats ([@bib47]). Indeed, earlier studies of the Laguna Ojo de Liebre intertidal mats, combining biogeochemical and molecular assays, were unable to detect *nifH* genes or transcripts from the visually dominating cyanobacterium *Lyngbya* spp. ([@bib31], [@bib32]), despite the fact that several *Lyngbya* spp. possess the capability to fix N~2~ in culture (for example, [@bib35]; [@bib2]). Instead, *nifH* sequences from Cluster III, including SRB that belong to the *Deltaproteobacteria*, dominated these *nifH* gene libraries and were also found in the transcript library ([@bib31], [@bib32]). In addition to these deltaproteobacterial sulfate-reducing diazotrophs, Cluster III also contains sequences from spirochetes, methanogens, acetogens, green sulfur bacteria and *Clostridia* ([@bib53]). Comparative investigation of available *nifH* sequences indicates that Cluster III contains the greatest diversity of all *nifH* lineages and that its diversity is still not fully understood ([@bib17]).

The presence and/or transcription of the *nifH* gene does not necessarily mean that an organism actively fixes N~2~ in the environment since the nitrogenase enzyme activity can be regulated on multiple levels ranging from transcription ([@bib8]) to post-translational protein modification ([@bib22]). As such, identification of active diazotrophs requires investigation on the functional level, for example through stable isotope probing (SIP) with ^15^N~2~. The incorporation of ^15^N into biomass can be directly imaged with secondary ion mass spectrometry (SIMS; [@bib9]; [@bib24]; [@bib41]), and especially the NanoSIMS 50 has been used recently to investigate diazotrophic communities at the single-cell level across diverse environments (for example, [@bib11]; [@bib19]; [@bib16]; [@bib39]; [@bib50]).

We sought to identify the diazotrophic community in intertidal mats at Laguna Ojo de Liebre, Mexico, and ascertain using a ^15^N~2~-SIP single-cell approach the actively N~2~-fixing populations. We applied a combination of inhibitor amendment experiments, *nifH* gene and transcript sequencing, and ^15^N~2~ incubations followed by single-cell isotope measurements. As in previous studies, inhibitor experiments coupled to acetylene reduction assays (ARAs) suggested that *Cyanobacteria* and SRB both have a major role in N~2~ fixation. However, further investigations through inhibitor addition experiments combined with ^15^N~2~-incubations, molecular and NanoSIMS analyses provided strong evidence that members of the *Cyanobacteria* (especially *Lyngyba* spp.) were the most active diazotrophs in the investigated mats.

Materials and methods
=====================

Mats with a phototrophic layer dominated by *Lyngbya* spp. (in terms of biomass, as assessed by light microscopy) were sampled from the intertidal zone at Laguna Ojo de Liebre, Baja California, Mexico (27.758 N (Lat.) and −113.986 W (Long.)) on 15 September 2010 ([Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}) during low tide. The N~2~ fixation activity of two replicate mat pieces of ca. 20 cm × 30 cm was investigated over a diel cycle at a nearby field laboratory (outdoor setup in Guerrero Negro, Baja California, performed in acrylic aquaria as described below) from 15 to 16 September 2010. Other mat pieces were transported to the NASA Ames Research Center, CA, USA, on 16 September 2010 for additional diel cycle studies including inhibition experiments, stable isotope incubations as well as nucleic acid-based investigations. For experiments at NASA Ames, mats were placed in acrylic aquaria transparent to ultraviolet radiation and covered with *in situ* water for 2 days before the beginning of the diel study (starting at 1200 hours and ending at 1500 hours the next day). To ensure full photosynthetic activity in the mats during the N~2~ fixation experiments, resumption of photosynthetic activity after rewetting was investigated by pulse amplitude modulation fluorescence. The quantum yield of PSII (ΦPSII) for a light-adapted sample was calculated based on *F*~S~ (steady-state fluorescence under actinic light) and *F*~M~′ (maximum fluorescence under actinic light) measurements using the following equation: ΦPSII=(*F*~M~′−*F*~S~)/*F*~M~′. Rehydrated mats exhibited maximal photosynthetic activity (ΦPSII=0.30--0.40) within 4 h of wetting in congruence with earlier studies ([@bib15]); thus, diel cycle studies were conducted with fully active mats. Diel cycle studies were carried out under natural solar irradiance, and the water temperature was kept constant at ∼18 °C.

Nitrogenase activity was measured with ARAs and ^15^N~2~ incubations as previously described ([@bib2]; [@bib50]). For more details see [Supplementary Information](#sup1){ref-type="supplementary-material"}. Bulk sample ^15^N/^14^N isotope ratios were determined by isotope-ratio mass spectrometry (IRMS; ANCA-IRMS, PDZE Europa Limited, Crewe, England) at the University of California, Berkeley, corrected relative to National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) standards and are expressed as ^15^N/(^14^N+^15^N) isotope fractions, given in at% (means±s.e.).

All inhibition experiments were conducted at the NASA Ames Research Center. For photosynthesis inhibition experiments, DCMU was added to intact mat slabs before sunrise on the first day of the diel cycle study with a final concentration of 20 μM to ensure complete inhibition of photosystem II (PSII) ([@bib34]). For ARAs or ^15^N~2~ incubation experiments, mat cores were subsampled from these mat slabs and incubated as described in [Supplementary Information](#sup1){ref-type="supplementary-material"}, but with *in situ* water containing DCMU. Mat cores from mat slabs without DCMU treatment served as controls and were incubated in seawater without DCMU. For sulfate reduction inhibition experiments, sodium molybdate (Na~2~MoO~4~, a structural analog of sulfate) was added to intact mat slabs submerged in *in situ* seawater or artificial seawater in the early morning of the first day of the diel cycle study to achieve a final concentration of 30 m[M]{.smallcaps} ([@bib34]). Mat slabs incubated in *in situ* seawater or artificial seawater without molybdate served as controls. Two diel experiments were conducted: (A) mat samples in *in situ* seawater (control) versus mat samples in molybdate-amended seawater; and (B) mat samples in artificial seawater containing 23 m[M]{.smallcaps} sulfate (control) versus mat samples in artificial seawater without sulfate and with added molybdate. Incubations for ARA or ^15^N~2~ experiments were conducted as described in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

All diel cycle experiments were accompanied by mat sampling for molecular analysis. At multiple time points during a diel experiment, four mat cores of 1 cm diameter were flash frozen in liquid nitrogen and stored at −80 °C until further processing. DNA and RNA extractions were conducted as previously described ([@bib50]) and are further described in [Supplementary Information](#sup1){ref-type="supplementary-material"}. As N~2~ fixation was observed only during the night, all sequence data were derived from night-time samples.

454 pyrotag amplicon libraries (V6--V8 region) and clone libraries for Sanger sequencing of 16S rRNA genes/transcripts from two biological replicate mats, as well as clone libraries of the *nifH* genes/transcripts, were constructed and analyzed as previsously described ([@bib50]). Detailed information about the construction and analysis of these libraries can also be found in [Supplementary Information](#sup1){ref-type="supplementary-material"}. 16S rRNA 454 pyrotag sequencing resulted in 20 616 and 15 524 reads from both DNA templates and 20 138 and 22 246 reads from both cDNA templates ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). 16S rRNA Sanger sequencing resulted in 520 sequences from DNA samples (D3=256 and D5=264 sequences) and 316 sequences from cDNA samples (C3=150 and C5=166 sequences). Regarding *nifH* sequences, 313 sequences were retrieved from DNA, 522 sequences from cDNA and 181 from cDNA of the molybdate inhibition experiment. 16S rRNA and 16S rRNA gene sequences obtained in this study are deposited in GenBank under accession numbers KJ997979--KJ998814. Sequences of *nifH* genes and transcripts are deposited in GenBank under accession numbers KM212180--KM212266.

Single-cell NanoSIMS analyses were performed to identify active diazotrophs. The upper 2 mm of paraformaldehyde-fixed mat samples from ^15^N~2~ incubation experiments and negative control mat cores were prepared on 5 mm × 5 mm silicon wafer pieces (Ted Pella, Redding, CA, USA) for NanoSIMS analysis as previously described ([@bib50]). Filamentous cyanobacteria (*Lyngbya* spp.-related and small filamentous cyanobacteria) were identified based on their red autofluorescence when illuminated with green light by epifluorescence microscopy (excitation: BP 546/12, beam splitter: FT 560, emission: BP 607/80) and based on their morphology, as imaged by scanning electron microscopy (SEM; FEI Inspect F, FEI, Hillsboro, OR, USA). *Deltaproteobacteria* were stained by catalyzed reporter deposition-fluorescence *in situ* hybridization (CARD-FISH) as previously described ([@bib37]; [@bib50]) using probes DELTA495 a-c ([@bib27]; [@bib28]). Stained cells were identified and localized by epifluorescence microscopy. All targeted cells were localized and imaged by reflected light microscopy and SEM to ensure that the target cells were free of overlying cells or other material so that ^15^N/^14^N ratios could unambiguously be attributed to the target cells. SIMS analysis was performed at the Lawrence Livermore National Laboratory (LLNL) using a NanoSIMS 50 (Cameca, Gennevilliers Cedex, France) as previously described ([@bib50]). Isotopic compositions are expressed as the abundance of the tracer relative to the total tracer element (*a*~N~=^15^N/(^14^N+^15^N)) in at%. Reported data refer to the arithmetic mean of all measurements per cell type ±s.e. Detailed methods are provided in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Data retrieved in the ARAs, IRMS data of vertical sections and inhibition experiments as well as NanoSIMS data were analyzed for significant differences using Student\'s *t-*test or analysis of variance (ANOVA) with an alpha error of 0.05 and the Tukey--Kramer honestly significant difference as a multiple means comparison test (JMP Version 7, SAS Institute Inc., Cary, NC, USA). Normal distribution was tested with the Shapiro--Wilk *W*-test, and in cases where the data did not meet the standard of homogeneity of variance, the Welch ANOVA was used to confirm the initial result. As ^15^N enrichment levels were very low in *Deltaproteobacteria* measured by NanoSIMS, the natural abundance values for *Deltaproteobacteria* were used to test for significant enrichment based on a 95% confidence interval.

Results
=======

Bulk-level N~2~ fixation analysis
---------------------------------

Nitrogenase activities in ARAs were significantly higher during the night than during the day-time (average± s.d. 131±67 vs 5±7 μmol C~2~H~4~ m^−2^ h^−1^, *P*\<0.0001, [Figure 1a](#fig1){ref-type="fig"}) and well within the range of previously reported rates ([@bib3]; [@bib32]). The potential contribution of oxygenic phototrophs to N~2~ fixation was investigated by inhibiting photosystem II (PSII) with DCMU. In experiments where DCMU was added before sunrise on the first day of a diel experiment, nitrogenase activities were significantly reduced compared to un-amended control incubations (average±s.d.: 11±3 vs 66±22 C~2~H~4~ m^−2^ h^−1^, *P*\<0.0001, [Figure 1b](#fig1){ref-type="fig"}). The potential contribution of SRB to N~2~ fixation was investigated by adding the sulfate reduction inhibitor molybdate. Samples exposed to molybdate had lower nitrogenase activities compared to un-amended incubations (average±s.d.: 12±5 vs 63±35 C~2~H~4~ m^−2^ h^−1^, *P*\<0.0001, [Figure 1c](#fig1){ref-type="fig"}).

N~2~ fixation activity (that is, net ^15^N incorporation) in the intertidal mats was directly assessed with ^15^N~2~ incubation experiments (for 10 h in the dark) and subsequent IRMS analysis of both upper and lower mat layers (0 to 2 mm and 2 to 4 mm, respectively). The upper layer was significantly enriched in ^15^N relative to the deeper layer ([Figure 2](#fig2){ref-type="fig"}; average±s.e.: 0.486±0.023 vs 0.373±0.001 at% ^15^N, *P*\<0.001). Mat cores incubated in air without ^15^N~2~ served as control samples for natural abundance and had values of (average±s.e.) 0.371±0.001 (0 to 2 mm) and 0.373±0.001 (2 to 4 mm) at% ^15^N. On the basis of these results, we focused all additional analyses on the upper layer. In ^15^N~2~ incubation experiments of this upper layer with and without inhibitors, mats incubated with DCMU had significantly lower ^15^N incorporation relative to control incubations without DCMU ([Figure 2](#fig2){ref-type="fig"}; average±s.e.: 0.380±0.007 vs 0.452±0.021 at% ^15^N, *P*\<0.05). In molybdate addition experiments, incubations where molybdate was added had a slightly lower ^15^N enrichment than un-amended mats (average±s.e.: 0.429±0.013 vs 0.466±0.015 at% ^15^N, *P*=0.063), but the difference was not significant at the *P*\<0.05 level.

Microbial diversity based on 16S rRNA and 16S rRNA gene analysis
----------------------------------------------------------------

*Lyngbya* spp. and other filamentous cyanobacteria dominated the biomass of the upper phototrophic layer of the microbial mats from Laguna Ojo de Liebre based on light micrographs ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). However, 16S rRNA and 16S rRNA gene sequencing indicated that the microbial community of this layer was diverse and composed of multiple bacterial phyla ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). DNA-derived Sanger sequences were affiliated with nine different phyla based on the RDP classifier ([@bib49]). The majority of DNA sequences were classified as *Proteobacteria* (30--36%) and *Bacteroidetes* (17--33%), followed by *Chloroflexi* (6--12%), *Cyanobacteria* (5--9.5%) and *Verrucomicrobia* (1--9.5%). In contrast, the majority of 16S rRNA sequences (cDNA-based) grouped with *Cyanobacteria* (57--62%), followed by *Proteobacteria*, *Chloroflexi* and *Bacteroidetes* (6--20%). Based on phylogenetic analyses, all 16S rRNA cyanobacterial sequences were related to filamentous cyanobacteria ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), and 24.4% of these cyanobacterial 16S rRNA sequences were related to *Lyngbya* spp., with up to 98.7% sequence identity to *Lyngbya aestuarii* PCC 7419 and *Lyngbya* sp. PCC 8106, or 97.9% identity to *Lyngbya majuscula* CCAP. 454 pyrotag amplicon sequencing was used to investigate the 16S rRNA and 16S rRNA gene diversity with greater coverage, and revealed reads clustering in 15 phyla ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). However, the trend was the same as in Sanger-based sequences ([Figure 3](#fig3){ref-type="fig"}); most of the amplicons recovered from DNA were assigned to *Proteobacteria*, *Chloroflexi*, *Cyanobacteria* and *Bacteroidetes*, while the majority of reads originating from cDNA clustered with *Cyanobacteria*. Calculation of the Chao1 estimator and the Shannon index revealed greater diversity in DNA-based reads than in cDNA-based reads ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Community analysis of potential diazotrophs (*nifH* gene and transcript analysis)
---------------------------------------------------------------------------------

The diversity of bacteria with the genetic capability to fix N~2~ was specifically analyzed by sequencing *nifH* genes and transcripts from the upper 2 mm of the intertidal mats. Deduced amino-acid sequences formed 87 OTUs based on a cutoff of 97% sequence identity. Phylogenetic analysis of the deduced (amino-acid) NifH sequences derived from extracted DNA revealed that the majority (64.2%) grouped with Cluster III (based on [@bib53]; with uncultured microorganisms and *Deltaproteobacteria*), and the rest with Cluster I (with *Cyanobacteria*, *Alpha*-, *Gamma*- and *Betaproteobacteria*) ([Figure 4](#fig4){ref-type="fig"}). To focus on the community that was expressing the *nifH* gene, we also analyzed sequences derived from extracted RNA after reverse transcription into cDNA. The majority of these sequences (80.8%) were related to *Cyanobacteria* forming three major groups (*Lyngbya* spp.-cluster, cyanobacterial cluster 1 and 2, [Figure 4](#fig4){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), with *Lyngbya* spp.-related sequences being the most abundant. The other two abundant groups of cyanobacterial sequences clustered with sequences of filamentous cyanobacteria such as *Phormidium* and *Leptolyngbya*, and sequences from other microbial mats, freshwater, sponge or sediment samples. A minor proportion of the cyanobacterial *nifH* sequences (0.2%) were related to a cyanobacterium that is a dominant diazotroph in mats of Northern California (ESFC-1; [@bib50]; [@bib13]). Of all cDNA-based sequences, 16.9% grouped with Cluster III (1.3% of all sequences with deltaproteobacterial clusters containing known SRB and 15.5% with unclassified Cluster III sequences).

*NifH* clone libraries (based on cDNA) of samples from the molybdate addition experiments were almost completely comprised of cyanobacterial sequences (97.2%), and only a minor portion of the sequences clustered with Cluster III (1.7%) or *Deltaproteobacteria* within this cluster (0.6%). Mat samples treated with DCMU during the diel cycle study failed to produce any detectable PCR product from cDNA with *nifH*-targeting primers (tested in two replicate RNA extractions, see [Supplementary Information](#sup1){ref-type="supplementary-material"} for details).

Single-cell isotope analysis of potential diazotrophic microbial community members
----------------------------------------------------------------------------------

Based on the results of the inhibitor addition experiments and sequencing of expressed *nifH* genes, we focused our single-cell isotope analyses on *Cyanobacteria* and *Deltaproteobacteria*. The latter group was targeted to test as broadly inclusive as possible the ^15^N~2~ fixation activity of SRB within the *Deltaproteobacteria*. All detected *Cyanobacteria* were filamentous, and *Lyngbya* spp. filaments were easily distinguishable from other filamentous cyanobacteria based on their morphology ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The highest ^15^N enrichments in these mats were measured in *Lyngbya* spp. filaments (maximum of 14.54 at%), with an average (±s.e.) ^15^N tracer content of 4.40±0.57 at% ([Figure 5](#fig5){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The enrichment in *Lyngbya* spp. filaments was significantly higher than in any other analyzed cells (*P*\<0.0001 compared to small filamentous cyanobacteria; *P*\<0.0001 compared to *Deltaproteobacteria*; and *P*=0.01 compared to unidentified single cells). Smaller filamentous cyanobacteria had an average enrichment (±s.e.) of 0.60±0.02 at% ^15^N with a maximum of 1.32 at%. The ^15^N enrichment of CARD-FISH-stained deltaproteobacterial cells from ^15^N~2~-labeled mats was not significantly different from those in control mat samples (average±s.e.: 0.38±0.00 vs 0.37±0.00 at% ^15^N, *P*=0.170). The highest ^15^N enrichment measured in an individual deltaproteobacterial cell was 0.41 at%.

Discussion
==========

Members of the *Proteobacteria*, *Bacteroidetes*, *Chloroflexi* and *Cyanobacteria* dominated the investigated mats based on 16S rRNA gene sequences ([Figure 3](#fig3){ref-type="fig"}), yet members of the *Cyanobacteria* mostly comprised the active microbial community (as inferred by 16S rRNA sequence-based community analysis). This dominance of cyanobacterial sequences in libraries derived from RNA seems to be common for microbial mats containing large filamentous cyanobacteria and was previously described ([@bib6], [@bib5]; [@bib26]). A similar pattern was observed for the *nifH* sequence analysis; sequences of Cluster III (including known SRB) dominated the DNA sequence pool, whereas cyanobacterial sequences dominated by far the pool of expressed *nifH* genes while the proportion of Cluster III sequences was strongly decreased. These data are in disagreement with earlier studies of mats from Laguna Ojo de Liebre in which *nifH* gene and transcript analyses suggested that both *Cyanobacteria* and *Deltaproteobacteria* (including SRB) were the major contributors for N~2~ fixation ([@bib31], [@bib32]; [@bib30]). Interestingly, our detected *nifH* sequences in Cluster I and Cluster III, specifically sequences related to *Lyngbya* spp. were not detected in these previous studies. This lack of congruence could reflect temporal differences in the microbial community at the time studied (2001--2010), as these mats are characterized by a 'pioneering life style\' ([@bib2]) and thereby will most likely be dynamic in their microbial community composition. Other explanations for the differences in the detected microbial communities could be the depth of sequencing or a bias in the nucleic acid extraction. Although the same primer set was used in all studies ([@bib52]), in our study we added a pre-homogenization step prior to nucleic acid extraction, which could have increased the lysis efficiency of *Lyngbya* spp. cells.

The application of inhibitors in diel cycle studies can suggest the contribution of certain functional groups to N~2~ fixation, an approach that has been used extensively in the past (for example, [@bib45]; [@bib18]; [@bib2]; [@bib38]; [@bib47]). The addition of DCMU, an inhibitor of oxygenic photosynthesis ([@bib34]), during the day-time photoperiod strongly and significantly decreased N~2~ fixation the subsequent night, based on ARAs ([Figure 1b](#fig1){ref-type="fig"}) and ^15^N~2~ incubation experiments ([Figure 2](#fig2){ref-type="fig"}). This pattern was previously observed in non-heterocystous cyanobacterial mats ([@bib18]; [@bib2]), and also in *Lyngbya* spp. cultures ([@bib2]). DCMU interrupts the photosynthetic electron flow by inhibiting the O~2~-evolving PS II, which depletes the reductant formation required for N~2~ fixation ([@bib34]). This decrease in reductant will most likely also prevent CO~2~ fixation ([@bib2]; [@bib36]; [@bib38]), leading to a shortage of organic storage compounds that can be used for N~2~ fixation. This combined shortage in reductant can explain the observed decrease in N~2~ fixation rates upon DCMU addition and suggests that members of the *Cyanobacteria* contributed to N~2~ fixation activity.

This observation was supported by the detection of expressed cyanobacterial *nifH* genes in untreated control mats that showed N~2~ fixation ([Figure 4](#fig4){ref-type="fig"}). *NifH* transcripts related to *Lyngbya* spp. dominated the transcript pool, indicating that in these mats *Lyngbya* spp. were actively expressing *nifH* and potentially fixing N~2~. In addition, in DCMU-treated mats, we were unable to PCR amplify *nifH* transcripts, which is in congruence with a strong inhibition of N~2~ fixation activity in the DCMU addition experiment as observed in ARAs and ^15^N~2~ incubations followed by IRMS. Together, inhibitor experiments and sequence data suggested that *Cyanobacteria* were actively fixing N~2~ in the investigated mats, especially members of *Lyngbya* spp. However, care must be taken to infer N~2~ fixation activity from detected *nifH* transcripts or relative sequence abundance. First, nitrogenase enzyme activity can be regulated after transcription until the post-translational level ([@bib22]). Furthermore, the potential for PCR biases ([@bib48]; [@bib40]) makes it difficult to infer the activity of certain groups based on their *nifH* transcript abundance. Therefore, direct N~2~ fixation measurements coupled to the identification of cells are needed to clearly identify active diazotrophs in environmental samples. Incubation experiments with ^15^N~2~ and single-cell isotope analysis through NanoSIMS allowed us to investigate the active diazotrophs by measuring the incorporation of ^15^N into cellular biomass. This analysis revealed ^15^N enrichment in filamentous cyanobacteria of different morphotypes ([Figures 5a--c](#fig5){ref-type="fig"}), which corresponded to multiple detected clusters of cyanobacterial *nifH* sequences ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Consistent with the result of the *nifH* transcript analysis, within the filamentous cyanobacteria, *Lyngbya* spp. had by far the highest enrichments in ^15^N, demonstrating that *Lyngbya* spp. were the most active cyanobacterial diazotrophs in this mat. As previously detected in other diazotrophic populations ([@bib25]; [@bib50]), we observed large variations in ^15^N enrichments of *Lyngbya* spp. filaments indicating differing N~2~ fixation activities. A possible explanation could be spatial heterogeneity in the local environment.

In this study, we sought to take a function-based approach to investigate previous reports that SRB were contributing to N~2~ fixation in this mat type ([@bib31], [@bib32]; [@bib30]). In a parallel study, our group measured significant sulfate reduction (as sulfide production) in these same mat samples ([@bib26]). Therefore we can conclude that the sampled mats contained SRB that were physiologically active and that sulfate reduction was not inhibited on account of sampling and transport to the laboratory. On the intertidal flats at Laguna Ojo de Liebre, the mats experience naturally frequent alternating periods of desiccation (leading to aeration) and tidal flooding ([@bib21]; [@bib32]; [@bib42]). It appears that SRB in these mats are tolerant against oxygen exposure and maintain their capacity for sulfate reduction even after long oxic periods. The oxygen tolerance of SRB is a phenomenon previously described in cultured SRB and different mats ([@bib7]; [@bib29]; [@bib1]; [@bib14]). Detection of expressed *dsrA* genes (a key functional gene for sulfate reduction) by [@bib26]) in the mats supports our conclusion that SRB were active, and sequencing revealed that the vast majority of the SRB that expressed *dsrA* (97%) belonged to previously known clusters within the *Deltaproteobacteria* (to *Desulfobacteraceae* and *Desulfovibrionales*). Sequences assigned to the *Desulfobacterales* (*Desulfobacteraceae*) and *Desulfovibrionales* (*Desulfohalobiaceae*) were also identified through 16S rRNA sequencing. These data further support our focus on deltaproteobacterial SRB in our single-cell isotope measurements. We are aware of the possibility that non-deltaproteobacterial heterotrophic diazotrophs exist in these mats, for example related to unidentified groups in Cluster III (designated 'unclassified clusters\' [Figure 4](#fig4){ref-type="fig"}). Unfortunately, owing to lack of isolates in these clusters, these bacteria are unidentified at the 16S rRNA level and thus cannot be targeted by a FISH-NanoSIMS approach.

Adding molybdate to the mats resulted in reduced nitrogenase activities in ARAs compared to un-amended samples ([Figure 1c](#fig1){ref-type="fig"}). Molybdate serves as a structural analog of sulfate and blocks the sulfate activation, thereby depleting ATP pools in SRB and ultimately causing death ([@bib34]). This effect of molybdate in ARAs was previously observed in an intertidal photosynthetic mat, where molybdate inhibited night-time nitrogenase activity by as much as 64% ([@bib47]). However, it was previously recognized that reduced N~2~ fixation rates in response to molybdate additions could result from many direct effects, but also indirect consequences, such as altered environmental conditions due to the inhibition of sulfide production ([@bib47]). Results based on this 'specific inhibitor\' should be interpreted with caution, a conclusion further supported by our study. In mats from Laguna Ojo de Liebre, the effect of molybdate on overall N~2~ fixation rates was only significant in ARAs, whereas ^15^N~2~ incubation experiments revealed a much less pronounced (and not significant) effect ([Figure 2](#fig2){ref-type="fig"}). This observed difference in the effect based on the applied assays could conceivably be caused by an enhanced consumption of ethylene, the measured product in ARAs, in molybdate-treated mats relative to un-amended controls. Ethylene can be metabolized aerobically ([@bib10]), and anaerobically ([@bib23]) by microorganisms, and especially the possibility of methanogens reducing ethylene ([@bib33]; [@bib12]) should be mentioned in experiments where SRB are inhibited. Thus, enhanced ethylene consumption in the molybdate treatments could mistakenly be interpreted as a large contribution of SRB to N~2~ fixation.

In this study, molybdate addition experiments coupled with ^15^N~2~ incubations and IRMS analyses did not indicate a significant contribution of SRB to N~2~ fixation, whereas earlier studies suggested that *Deltaproteobacteria* in *nifH* Cluster III, and more specifically SRB within the *Deltaproteobacteria*, were potentially important diazotrophs in photosynthetic mats ([@bib47]; [@bib31], [@bib32]). Sequencing of *nifH* genes and transcripts in our study indicated that sequences of Cluster III (including known SRB) dominated the DNA sequence pool, whereas cyanobacterial sequences dominated vastly the pool of expressed *nifH* genes, and the proportion of Cluster III sequences was strongly decreased ([Figure 4](#fig4){ref-type="fig"}). On account of potential PCR biases, one can only interpret the data semiquantitatively; however, these observations suggest that members of the *Cyanobacteria* were more actively expressing *nifH* genes than SRB within Cluster III. This hypothesis is supported by our NanoSIMS analyses, in which *Deltaproteobacteria* were not significantly enriched in ^15^N relative to controls (average of 0.38 vs 0.37 at% ^15^N, *P*=0.170). These cells were stained by CARD-FISH in contrast to the *Cyanobacteria*, which could introduce ^14^N-containing compounds during the procedure leading to a dilution of ^15^N and thereby to an underestimation of the ^15^N enrichment. Therefore, we analyzed the effect of CARD-FISH on the ^15^N (and for completeness also ^13^C) isotope content in isotopically labeled reference cells (*Escherichia coli* and *Bacillus subtilis*) and detected significantly reduced ^15^N and ^13^C isotope contents in these cells by NanoSIMS measurements (*P*\<0.001, [Supplementary Figures S6--S8](#sup1){ref-type="supplementary-material"}, [Supplementary Tables S4--S6](#sup1){ref-type="supplementary-material"}; experiments are explained in detail in [Supplementary Information](#sup1){ref-type="supplementary-material"}). Our data indicate that CARD-FISH can result in an apparent dilution of up to 28% for N (and 38% for C). By using these data (28% dilution as a worst-case scenario for N), we tested whether the ^15^N isotope enrichments measured in microbial mat *Deltaproteobacteria* were strongly influenced by CARD-FISH (see [Supplementary Information](#sup1){ref-type="supplementary-material"} for calculations and discussion). On the basis of these calculations, when the CARD-FISH ^15^N dilution is accounted for, the deltaproteobacterial ^15^N isotope fraction values increase only slightly, and their corrected values are still not significantly enriched above natural abundance values (average of 0.38 at% ^15^N, *P*=0.131). We also considered the individual measured values (as opposed to the population mean), and found that, based on the uncorrected values, 20.4% of the cells are significantly enriched in ^15^N based on a 95% confidence interval. This number increases to 31.5% if the dilution through CARD-FISH is taken into account. However, the levels of enrichments were very low compared to the values measured in *Cyanobacteria*. We conclude that even though CARD-FISH has an effect on the ^15^N isotopic composition, the ^15^N enrichment values of investigated *Deltaproteobacteria* in this study changed very little when CARD-FISH dilution was accounted for.

Based on this combined approach of inhibitor addition experiments, *nifH* gene and transcript sequencing, and ^15^N~2~ incubations coupled with single-cell isotope analysis, we did not find support that the analyzed deltaproteobacterial SRB contributed significantly to N~2~ fixation in intertidal mats from Laguna Ojo de Liebre and conclude that their activity level was negligible for the N budget of the mat. Instead, the combined data indicate that *Lyngbya* spp. -related cyanobacteria were highly active diazotrophs in the mats at the investigated time.
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![Acetylene reduction assay (ARA) as a proxy for N~2~ fixation activity in intertidal microbial mats from Laguna Ojo de Liebre, Baja California, Mexico. Each time point measurement in each diel cycle experiment was conducted in triplicate (values in graphs depict the average of the three replicate measurements per time point per experiment including the s.d. as error bars). The horizontal bars indicate the incubation intervals of mat cores with acetylene in the ARA (incubation time was 3 h). (**a**) The diel cycle experiment was conducted in Guerrero Negro, Mexico, before the mats were transported to CA, USA, for detailed analysis. Two replicate diel cycle experiments are shown in the graph. (**b**, **c**) Diel cycle experiments of intertidal mats from Laguna Ojo de Liebre conducted in the laboratory at NASA Ames, CA, USA. Note the reduced N~2~ fixation rates of controls ('*in situ* water\') compared to the experiments in Guerrero Negro. (**b**) Experiment investigating the effect of DCMU on nitrogenase activity. (**c**) Experiment investigating the effect of molybdate on nitrogenase activity. No significant difference was detected in control ARAs conducted with *in situ* water versus artificial seawater (average±s.d.: 63±36 vs 64±36 C~2~H~4~ m^−2^ h^−1^, *P*=0.3386).](ismej2014144f1){#fig1}

![^15^N enrichment (at%) of mat cores that were incubated with ^15^N~2~ for 10 h in the dark measured by IRMS. Average values of three biological replicates per treatment are depicted with standard errors (for '0 to 2 mm depth\', *n*=10). Asterisks indicate significant different paired treatments at *P*\<0.05. Natural abundance of 0.37 at% ^15^N is indicated by a gray horizontal line.](ismej2014144f2){#fig2}

![Microbial community analysis based on 16S rRNA gene and transcript sequencing of the upper 2 mm of intertidal mats at Laguna Ojo de Liebre. Phyla depicted are those that contain ⩾0.1% of sequences detected by either Sanger sequencing (dark blue and dark red bars) or 454 amplicon sequencing (bars in light blue and light red). Each bar depicts the average value of 2 biological replicates. Both approaches illustrate a diverse community based on DNA analysis, with most of the sequences grouping within *Proteobacteria*, *Bacteroidetes*, *Chloroflexi* and *Cyanobacteria*. Sequences based on cDNA are strongly dominated by *Cyanobacteria* (up to 74% of the sequences), followed by *Proteobacteria*, *Bacteroidetes* and *Chloroflexi*. Inlet depicts proteobacterial community composition based on 454 amplicon sequences (sequence abundance of *Alpha*-, *Delta*- and *Gammaproteobacteria* within the *Proteobacteria*).](ismej2014144f3){#fig3}

![Taxonomic classification of deduced (amino-acid) NifH sequences derived from DNA (*nifH* genes) and RNA (cDNA, *nifH* transcripts) in the upper 2 mm layer of intertidal microbial mats from Laguna Ojo de Liebre. Sequences derived from DNA are depicted in black (*n*=313), from cDNA in dark grey (*n*=522) and from cDNA of molybdate-treated samples in light grey (*n*=181). PCR amplification of cDNA from the DCMU treatment yielded no products.](ismej2014144f4){#fig4}

![Single-cell isotope measurements by NanoSIMS of ^15^N~2~-incubated mat samples from Laguna Ojo de Liebre. (**a**) Elemental composition images (^12^C^14^N and ^15^N at%) of *Lyngbya* spp. filaments. However, as described in [Supplementary Information](#sup1){ref-type="supplementary-material"}, image analysis of *Lyngbya* spp. was not suitable for quantitative analysis of these large cells (instead isotope enrichment measurements were done by accelerated sputtering utilizing high primary ion beam currents (∼1 nA, 2 μm beam size)). Therefore, ^15^N isotopic composition depicted in these images will be an underestimation of the actual enrichment in ^15^N. (**b**, **c**) Epifluorescence micrograph and elemental composition images (^12^C^14^N and ^15^N at%) of analyzed small filamentous cyanobacteria. Filamentous cyanobacteria were identified based on their autofluorescence. (**d**) NanoSIMS analysis of *Deltaproteobacteria*. Epifluorescence micrographs depict cells stained by DAPI and deltaproteobacterial cells stained by CARD-FISH (with probe-mix DELTA495 a--c). Also depicted are elemental composition images (^12^C^14^N and ^15^N at%). (**e**) Boxplot diagram summarizing all measurements of the three cell types. The number of cells (or individual filaments) analyzed per cell type are indicated. ^15^N enrichments are depicted in at% natural abundance is 0.37 at% (indicated by a horizontal line). Lowercase letters indicate significantly different isotopic compositions between different cell types. *Deltaproteobacteria* were not significantly enriched in ^15^N relative to controls (average of 0.38 vs 0.37 at% ^15^N, *P*=0.170). The highest ^15^N enrichment measured in an individual deltaproteobacterial cell was 0.41 at%. Also when ^15^N dilution through CARD-FISH is accounted for, the deltaproteobacterial ^15^N isotope fraction values increase only slightly, and their corrected values are still not significantly enriched above natural abundance values (average of 0.38 at% ^15^N, *P*=0.131). We also considered the individual measured values (as opposed to the population mean), and found that based on the uncorrected values, 20.4% of the cells are significantly enriched in ^15^N based on a 95% confidence interval. This number increases to 31.5% if the dilution through CARD-FISH is taken into account. Scale bars represent 5 μm. Please note the different scales for ^15^N at% values.](ismej2014144f5){#fig5}
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